Magnetic tunnel junctions (MTJs) with Hf0.5Zr0.5O2 barriers are reported to show both tunneling magnetoresistance effect (TMR) and tunneling electroresistance effect (TER), displaying four resistance states by magnetic and electric field switching. Here we show that, under electric field cycling of large enough magnitude, the TER can reach values as large as 10 6 %. Moreover, concomitant with this TER enhancement, the devices develop electrical control of spin polarization, with sign reversal of the TMR effect. Currently, this intermediate state exists for a limited number of cycles and understanding the origin of these phenomena is key to improve its stability. The experiments presented here point to the magneto-ionic effect as the origin of the large TER and strong magnetoelectric coupling, showing that ferroelectric polarization switching of the tunnel barrier is not the main contribution.
Combining the TMR effect of magnetic tunnel junctions (MTJs) with additional functionalities provided by the tunnel barrier, i.e. using multiferroic [1] or ferroelectric [2, 3] layers as barriers, has drawn considerable attention driven by their potential application in multilevel memories. In these devices, four resistance states are achieved by means of both the TMR (resistance change induced by magnetic field switching) and the TER (resistance change by electric switching) effects. [4] [5] [6] In addition, by combining two ferroic orders (ferromagnetic and ferroelectric), the coupling between the magnetic and electric degrees of freedom could realize electric field controlled spintronics, promising for the development of lowpower and fast devices. [6] [7] [8] [9] [10] [11] [12] [13] Four main types of magnetoelectric (ME) coupling mechanisms [14] [15] [16] are established. Firstly, spin-orbit coupling, which can directly link the breaking of space and time inversion symmetry (charge dipoles and magnetic moments). [9] Secondly, spin-lattice coupling, [17, 18] that profits from the piezoelectric properties of ferroelectrics and the magnetostrictive properties of ferromagnets. In this case strain can couple electric field with magnetization or magnetic field with electrical polarization. [1, 19] Thirdly, the ME coupling can originate from spin-charge coupling mediated by the carrier density. [20] At the interface between an insulator and a ferromagnetic metal, accumulation of spin-polarized carriers and, thus magnetization, is expected upon application of an electric field that leads to polarization of the dielectric. This effect is enhanced in the case of a polar barrier, as a larger number of carriers is necessary for screening. Finally, the magneto-ionic effect [16] has been recently proposed, by which the applied electric field in- * sylvia.matzen@u-psud.fr † b.noheda@rug.nl duces ion migration that modifies the interfaces of the ferromagnetic layers involved in the junctions. All these mechanisms could contribute to the ME coupling, separately or jointly.
In this work, tunnel barriers of crystalline Hf 0.5 Zr 0.5 O 2 (HZO) are used in MTJs.
Crystalline HZO grown under certain conditions has shown nanoscale ferroelectricity. [21, 22] .
Epitaxial growth of crystalline HZO can also be achieved [23] and has been recently also demonstrated on perovskite substrates with La 0.7 Sr 0.3 MnO 3 (LSMO) as bottom elecrode [24] [25] [26] . Four resistance states have been obtained in this type of junctions by both magnetic and electric field switching, but no ME coupling was reported. [27] Here we show that electric field cycling induces irreversible changes in the junction, which evolves from a negligible ME coupling state into a large ME coupling state. In the latter, sign reversal of the TMR effect is achieved by electrical switching reversibly. Concomitantly, with increasing number of cycles, the TER increases to values up to 10 6 %. In the following we discuss the mechanisms that lead to such phenomena.
MTJs have been fabricated by integrating 2 nm HZO tunnel barriers between top Co and bottom La 0.7 Sr 0.3 MnO 3 (LSMO) ferromagnetic (FM) electrodes. The HZO is highly crystalline and epitaxially grown on the LSMO electrode, which is in turn epitaxially grown on 001-oriented SrTiO 3 (STO) substrates. As reported in ref. [27] , the large band gap and high resistance of the HZO layer allows to fabricate full devices with extended electrodes for wire bonding, despite the low thickness of the barrier. This is not possible with perovskite ferroelectric (FE) tunnel barriers with such small thickness and, thus, so far these devices have been limited to investigation by scanning probes. The schematic drawing of the devices used in the present work is shown in By the electrical pulse switching protocol shown in Fig.1b , the junction switches between the high resistance state, HRS (R H , after V+ pulse) and the low resistance state, LRS (R L , after V-pulse). A voltage pulse with amplitude as large as 6 V is used in order to obtain the maximum resistance contrast (TER ∼ 400%) (see Fig.1c and ref. [27] ). In both HRS and LRS, TMR loops are obtained, as shown in Fig. 1d , leading to four resistance
where the arrows signal the relative orientation of the electrodes magnetization). During the first few cycles, the TMR effect of the HRS (∼ 6.2%) and LRS (∼ 5.4%) are similar in magnitude (see Fig. 1d ), indicating a negligible ME coupling, which differs from the strong coupling reported in perovskite tunnel barriers [12, 28, 29] . This stage, which we name stage A, is the one reported in ref. [27] . Interestingly, after a few tens of cycles, the behaviour changes substantially, reaching the stage B, as shown in Fig. 1e : the TMR sign is reversed from positive (HRS) to negative (LRS) indicating that the spin polarization is switched by the external electric field in a reversible manner, as shown in Fig. S1 (see also supplementary information). In addition, the coercive field of the harder ferromagnet (the Co layer) in the LRS (with negative TMR) increases by, approximately, a factor of two, compared to the switching fields of the HRS (with positive TMR). Moreover, the switching becomes sharper in the LRS. The increase of the coercive field and steep switching of the Co layer upon electrical cycling could originate in a modification of the HZO/Co interface. [16, 30] . The number of cycles needed to reach the stage B has been found to differ depending on the junction under investigation.
With further electric cycling (stage C), the TMR signal becomes more noisy, as observed in Fig. 1f . The switching magnetic fields for the direct and reversed TMR become comparable but still higher than those of stage A (Fig. 1d) . However, the magnitude of the TMR effect is not substantially altered. In the meantime, the two magnetic states are less well defined with less abrupt magnetic switching than the previous two stages, which could indicate an increasing number of defects introduced in the stack. [27].
cycles depending on the junction, the TMR effect eventually disappears but the TER effect is still present. The TMR sign has been reported to reverse by modification of the Co interface, either by adding an interface layer [31, 32] , or by the electric field-controlled hybridization at the interface (modified by the different ferroelectric polarization states) [28] . These mechanisms affecting the Co/barrier interface are consistent with the changes, described above, of the magnetization switching of the Co layer upon electric cycling. However, since the reversed TMR is not observed in the A-stage (it only appears upon repeated electric cycling), the ferroelectric polarization switching can be discarded as the main contribution to the TMR sign reversal. Moreover, changes in the junctions by the introduction of oxygen vacancies (V 2+ O ) have also been reported to promote TMR sign reversal [33] . Given the possibility for positively charged V
2+
O to migrate back and forth under the application of the electric field pulses with opposite polarities, we propose that ionic exchange is responsible for the observed changes of spin polarization, as well as the modification of the Co-HZO interface upon cycling. [16, 34, 35] .
Focusing on stage C, from the I-V curves measured in parallel and anti-parallel magnetic states, we plot the bias dependence of the TMR for both HRS and LRS in Fig. 2 . A striking feature is that in HRS state the TMR exhibits a very weak bias-dependence and is always positive; while in the LRS, the TMR is always negative with a rapid drop of TMR with increasing bias (absolute value), characteristic of thin-film MTJs and attributed to spinflip scattering [36] . The electric field switching of spin polarization is, thus, evidenced over the whole investigated voltage range. Tuning of the read voltage allows to select the magnitude of the TMR change (e.g. Fig. 1f for -0.2 V read voltage). Looking at the bias-dependence of the TMR in the as-grown state for the same device (Fig. 2, inset) , and noting that similar curves are obtained in both HRS and LRS at stage A for different junctions [27] , it is clear that electric field cycling completely changes the control of the spin polarization of the tunneling electrons. While the initial stage A shows a read voltage-controlled TMR sign change, already reported for Co-based junctions [27, 37, 38] , in stage C the TMR sign is wholly determined by the switchable resistance state of the device.
Concomitantly, the resistance ratio between the HRS and LRS (TER) also changes substantially during electric field cycling. By measuring the current-voltage (I-V) curves after positive and negative electric pulses, we can extract the TER at different bias by measuring the current ratio of HRS and LRS (I L /I H ). TER rises from 10 2 % to 10 6 % (stage A to C) with a large number of intermediate states, as shown in Figs. 3a-c, corresponding to Figs. 1d-f, respectively.
Thus, it is shown that the junctions are strongly affected by the very large electric fields applied across the ultrathin HZO barrier, which induce stage B and C with highly enhanced magnetoelectric coupling and very large TER, of great interest for devices. The driving voltages required to achieve these stages are close to the junction breakdown field. Therefore, the ability to keep cycling the device with such a large stimulus could be due to a voltage drop somewhere in the device, such as at the Co-HZO interface. Understanding the mechanisms leading to this evolution would crucially help finding the optimal conditions required for applications (typically 10 4 -10 5 cycles [39] for flash memory, and much higher endurance in other non-volatile memories, such as ferroelectric memory, magnetoresistive memory, resistive memory, etc. [40] ).
To shed light into the factors affecting the evolution from stage A to C by electric cycling, transport measurements of resistance versus temperature (R-T) are shown in Fig. 4a . The same junction is measured in the HRS in stage A (green) and stage C (black). In stage A, a metal-insulator transition happens at around 250 K. This is the temperature at which the ferromagnetic/metal-toparamagnetic/insulator transition of LSMO at the interface with HZO takes place and, thus, where the TMR disappears. [27] Upon electric field cycling, the transition temperature decreases. In Fig. 4a , the resistance of stage C (black) is shown to display the transition at around 100 K, which again coincides with the temperature at which TMR disappears (see Supplementary Fig. S2 ). The decrease of transition temperature from stage A to C is consistent with an oxygen deficiency at the LSMO interface [33, 41, 42] that increases with repeated electric field cycling. In addition, the junction R H increases from stage A to C (see Fig. 1 and 3 ), which also agrees with an increasing content of oxygen vacancies in the LSMO layer at the HRS upon cycling, since oxygen vacancies are well known to reduce the carrier (hole) concentration in LSMO. [41] [42] [43] [44] Furthermore, the R-T measurements at stage C (with large TER and strong ME coupling) in the HRS and LRS are shown in Fig. 4b . The transition temperature at the HRS (black), which had been lowered by the action of electric cycling to ∼ 100 K, increases up to ∼ 275 K, after the junction is brought to the LRS (red), which is higher than the transition temperature of the stage A (∼ 250 K, see Fig. 4a ). This indicates that by applying a large negative pulse to the junction, the LSMO layer can reach an oxygen content larger than that of the initial stage. This is consistent with ionic exchange of oxygen vacancies in between the LSMO electrode and the HZO barrier during cycling, as represented in Fig. 4c . Giant resistive switching by oxygen vacancies migration has also been observed in different ferroelectric oxides tunnel barriers [45] .
In Fig. 4c , we illustrate this possible scenario: in the as-grown state, both the LSMO and the HZO layers contain V
O (top panel). Upon electric field cycling, V
O are driven back and forth across the barrier. The evolution of the TER from 10 2 % to 10 6 % could be explained by the accumulation of the oxygen vacancies at the vicinity of the HZO/LSMO interface, thus increasing the V 2+ O concentration that participates in the ionic exchange process. In this picture, the HRS is due to the oxygen vacancies being pushed into the LSMO electrode, resulting in a very resistive HZO/La 0.7 Sr 0.3 MnO 3−δ contact. The LRS is obtained with the oxygen vacancies drifting back into the HZO barrier upon negative voltage pulse application, greatly reducing the resistivity of the junction [46] . This gives rise to highly different current levels between HRS and LRS (large TER) as shown in Fig. 3c and Fig.  4d . Still, for both states, the non-linear I-V curves are similar (Fig. 4d ) and the shape of the differential conductance curves (Fig. 4e) is compatible with tunneling conduction [47] , ruling out a drastic change of the conduction mechanism as probed by the investigated range of applied voltage.
An open question is the role of the ferroelectric polarization switching in these devices. Resistive switching by electric field has been reported in a wide variety of oxides [46, 48, 49] , including binary oxides. [50] [51] [52] In the case of ferroelectric tunnel barriers, the profile of the electronic barrier can be modified by polarization reversal, thus causing strong TER effect. [2, 53] However, in our case, polarization switching is not the main contribution to the large TER, since it increases upon cycling from stage A to C, as shown in Fig. 3 . It is interesting to notice that LSMO/HZO/Pt junctions, fabricated by I. Fina et al. [54] with the same material as tunnel barrier but with a double barrier thickness, also show TER values of around 400%. This TER is reproducible with cycling under relatively smaller driving voltages (4 V), suggesting that this could be the contribution of the ferroelectric polarization. With higher driving voltage, larger TER similar to those reported here, are observed. [54] In conclusion, TER values of up to 10 6 % coexisting with large ME coupling, by which the sign of the TMR effect is reversed with the electric field switching, have been achieved after cycling of Co/HZO/LSMO tunnel junctions with large enough electric fields. The temperature dependence of the transport behaviour is consistent with the exchange of oxygen vacancies at the LSMO/HZO interface, together with modifications of the HZO/Co interface. Next, an electrical protocol needs to be designed in order to increase the endurance of this state.
METHODS
Thin films of Hf 0.5 Zr 0.5 O 2 (HZO) barrier with thickness of 2 nm were grown by pulsed laser deposition (PLD) on FM La 0.7 Sr 0.3 MnO 3 (LSMO)-buffered (001)-SrTiO 3 substrates. The thickness of LSMO film is around 30 nm. Details of the growth conditions can be found in ref. [24] . 50 nm FM Cobalt with a protective layer of Au (50nm), to preserve Co from oxidation, were deposited by sputtering on top of the HZO layer, to form the LSMO (FM) / HZO (FE)/ Co (FM) stacks. Junctions with different sizes, ranging from 10µm × 10µm to 30µm×30µm, are fabricated (see details in ref. [27] ). The electrical measurements are performed using a Keithley 237 source measurement unit and a Keithley 4200A-SCS parameter analyzer, and the temperature environment and magnetic field are supplied by a Physical Properties Measurement System (PPMS) by Quantum Design. As shown in the schematic drawing in Fig. 1a , the voltage source is applied on the LSMO/HZO/Co stack with bottom electrode grounded (for a positive bias, the electrons are tunneling from LSMO to Co). The magnetic field is swept along the easy magnetization axis of LSMO in the [110] direction.
